We report the design, development, and implementation of an improved instrumentation approach for frequency-domain fluorescence lifetime (FDFL) optrodic sensing without a concurrent reference LED. FDFL traditionally uses a reference LED, at approximately the same wavelength as the sensor fluorophore emission, to measure phase shifts associated with changes in the fluorescence lifetime of fluorophore. For this work we used an oxygen optrode to design, develop, and test the reference-LED-free FDFL approach. Electronics and optics were optimized, and key system parameters, such as inherent system phase shifts, were determined to insure best performance. In our tests with the oxygen optrode, we observed that several key performance characteristics were improved by the implementation of the reference-LED-free instrumentation platform. This system can potentially be adapted to other analyteselective fluorophores, which will enable scientists and researchers to expand the application of optrodic sensors as basic research tools in biology, medicine, and agriculture.
Introduction
Over the past decade, optical sensor platforms have gained momentum because of their inherent advantages of electrochemical-based sensing methods. Developments in fiber-optic-based fluorescence sensors (optrodes) have also been widely reported. Optrodes have been implemented to measure analytes of biological importance, such as oxygen, pH, carbon dioxide, calcium, glucose, and glutamate. The principal component of an optrode is the fluorescent dye immobilized at the tip of the fiber. Optrodes based on fluorescence typically entrap dye(s) within a solid-state matrix, which provides mechanical stability as well as minimizes undesired interaction between the fluorescence dye and the microenvironment in which they are operated [1] [2] [3] .
Changes in analyte concentration have measurable effects on the fluorescence characteristicsfluorescence intensity and fluorescence lifetime. In order to yield accurate measurement of analyte concentration, sensors that are based on fluorescence intensity require frequent calibration because of drift/ noise in excitation sources, alignment of optical systems, and photobleaching of the fluorophore molecules. Therefore, fluorescence lifetime measurements have significant advantages in comparison to fluorescence intensity measurements [4] .
Fluorescence lifetime can be determined by using either time-domain or frequency-domain methods. In the time-domain method, fluorescence lifetime is determined by the time decay of the fluorescence intensity. This requires expensive electronics and light sources, especially when the fluorescence lifetimes are in the subnanosecond range. In the frequencydomain method, the fluorophore is excited with a frequency-modulated light source. The dynamic pattern of fluorescence emission measured by the photodetector is then used to calculate the phase shift between the excitation and the fluorescence emission signal. The phase-shift and demodulation data are then used to measure the fluorescence lifetime of the fluorophore. Frequency-domain methods can be implemented using inexpensive light sources, such as LEDs and simpler signal processing methods [4] .
Homodyne and heterodyne detection techniques are used to measure the phase shift and demodulation in frequency-domain fluorescence lifetime spectroscopy. In conventional optrode platforms, heterodyne detection is used to measure phase shift and demodulation. The reference signal is derived from the reference LED (wavelength matched to the fluorescence wavelength of the fluorophore), which is also operated simultaneously at the same modulation frequency as the excitation light source. This accounts for the inherent phase shift and noise of the electronics and optics of the system. Homodyne detection has also been reported to measure fluorescence lifetime for lifetime imaging using lock-in amplifiers [5, 6] . A reference light source was not used, and the internal reference of the lock-in amplifier was used as the reference signal to measure phase shift/ demodulation.
Compared to the previously reported technique [5] , we implemented the homodyne detection technique for the operation of optrodic sensors using an LED as the fluorescent excitation light source. While this is technically challenging compared to previous methods, it does significantly decrease the cost of the system, as LEDs are inexpensive and do not need electro-optic modulators for frequency modulation. In order to implement an LED-based homodyne approach, we quantified the inherent phase-shift characteristics of the system, at the full range of modulation frequencies of the lock-in-amplifier, while simulating fluorescence emissions using a LED that was wavelength matched to the fluorescence emission of the fluorophore. Carlsson and Liljeborg [5] used the reflection of the excitation light off a mirror sample for system phase-shift characterization and noise calibration, which could have created an artifact in the photodetector because they did not account for the photodetector's response to the emission wavelength of the fluorophore. We also expanded on previous work by comparing the fluorescence intensity and fluorescence lifetime of the fluorophore measured by the system in both homodyne and heterodyne detection modes.
We report the design, development, and calibration of a homodyne optrode system, with an oxygen optrode as a model, without a concurrently operating reference LED. The internal reference of the lock-inamplifier that is used to drive the excitation LED is also used as a reference signal to measure phase shift and demodulation. Inherent phase shifts due to electronics and optics are calibrated, and then subtracted from measured phase shifts at different dissolved oxygen concentrations. The measured phase shifts of platinum tetrakis (pentafluorophenyl) porphyrin (PtTFPP) dye agree with previous reports in literature [7, 8] . Also, by virtue of not using a simultaneously operated reference LED, the coupling optics were optimized to give higher fluorescence intensities and higher signal-to-noise ratio (SNR).The absence of a simultaneously operating reference LED also facilitates simplification of the signal detection and processing techniques. Figure 1 shows the schematic diagram of the optrode system. The sinusoidal voltage generated by the SRS 830 lock-in-amplifier (SRS, USA) provides input to the LED driver. The LED driver provides a stable voltage signal to a blue (503-505 nm) LED (Nichia Corporation, Japan), which is fitted into a LED fiber coupler (Thor Labs, USA) with a blue filter (Filter A) (Edmund Optics, USA). A 20× microscope objective is fitted to the LED fiber coupler, which focuses light from the LED onto the fiber ferrule. The other end of the LED fiber coupler is attached to one arm of either a 2 × 2 or a 2 × 1 fiber coupler via a ST-ST connector. The ST terminated fiber probe or optrode is connected to the other end of the fiber coupler. Blue light emitted by the LED propagates through the optics and excites the PtTFPP (Frontier Scientific, USA) molecules immobilized at the optrode tip.
Materials and Methods

A. Optrode Instrumentation
Fluorescence emission (630-640 nm) from the optrode travels along the fiber and splits at the fiber coupler. The split fluorescence emission reaches the photomultiplier tube (PMT) (Hamamatsu, Japan) through the red filter (Filter B) (Edmund Optics, USA). The electrical output from the PMT is connected to the input of the SRS 830. The SRS 830 measures the phase shift and fluorescence intensity between the excitation and emission signal. The SRS 830 is interfaced to the computer using a general purpose interface bus (GPIB). A virtual instruments .vi file is programmed in LabVIEW 8.0 (National Instruments, USA) to control SRS 830 parameters and data analysis and recording.
B. Light-Emitting Diode Driver Design Figure 2 shows the detailed circuit diagram of the LED driver for interfacing with the SRS 830 and providing the driver signal to the excitation LED. The LED driver consists of three stages-buffer, summing amplifier, and voltage-controlled current source (VCCS). The SRS 830 sinusoidal voltage signal and a DC offset from an external power supply are buffered into unity gain amplifiers for isolation. The summing amplifier adds the DC offset to the SRS 830 sinusoidal voltage signal to the DC offset so that the LED is driven by positive voltages. The output from the summing amplifier is input to the VCCS. The LED is connected to the VCCS with a current-limiting resistor at the source terminal of an n-channel metal-oxide-semiconductor field-effect transistor (MOSFET). A p-channel MOSFET is connected across the LED to switch off the LED independently without switching off the LED driver circuit. The LED driver can simultaneously operate two LEDs. The purpose of the LED driver is to provide a stable input signal to the LED for minimal spectral variation of the light sources. For component details, please consult the figure caption.
C. Optrode Fabrication and Immobilization
The optrode was fabricated according to previously described methods [9] . We used a 100=140 μm step index silica glass ST terminated fiber. The fiber was cut in half and the protective PVC coating was removed to expose 10 cm of glass fiber. The exposed tip was pulled to a diameter of 20 μm using a microprocessor-controlled laser pipette puller (Sutter P-2000, Sutter Instruments, USA).
The pulled optrode tip was cleaned with acetone and air dried for 15 min. PtTFPP membrane polymer [9] was loaded in a borosilicate glass tube and mounted on an x-y-z manipulator opposite to the pulled fiber tip. The optrode tip was dip coated with the PtTFPP membrane polymer under the microscope attached with the x-y-z manipulator and dried for 2 h at room temperature. The PtTFPP fluorophore molecules have absorption peaks at 400 and 505 nm and have emission peak at 640 nm. This dye also has a high luminescence quantum yield (Φ L ¼ 0:36), is stable in the absence of light and is nonionic, which makes it in insoluble in water [9] .
D. Inherent System Phase-Shift Characterization
Red (637-640 nm) LED (Nichia Corporation, Japan) was connected to the LED driver circuit and aligned with a blank optrode tip. Radiation from the LED propagated through the blank optrode to the PMT. The converted electrical signal was measured by SRS 830, and phase shift and amplitude were measured over the entire range of modulation frequencies (1-100 kHz). Data were collected at each modulation frequency for 45 s and then averaged.
E. Optrode calibration
The optrode was calibrated in different oxygen concentration solutions. The solutions were prepared by bubbling gaseous mixtures of nitrogen and oxygen. Nitrogen and oxygen gas cylinders were connected to mass-calibrated rotameters (Kobold Instruments, USA). The individual rotameters were calibrated against a digital flow meter (Kobold Instruments, USA). The ratio of oxygen and nitrogen flow rates was varied to vary the concentration of oxygen in the gaseous mixture. The blended gas was bubbled in a deionized (DI) water flask for 20 min, and then the optrode tip was immersed in the flask. Fluorescence amplitude and phase-shift data was measured for 45 s and averaged.
Results and Discussion
A. Inherent System Phase-Shift Characterization
The data in Fig. 3 show that the inherent system phase shift varies linearly with modulation frequency and is not significantly affected by the amplitude of the modulated sinusoidal voltage signal from the SRS 830. This is in contrast to the red light intensity from the red LED, which varies proportionally to the amplitude of the modulated sinusoidal voltage signal. The source of these phase shifts is the electronics of the optrode system, including the PMT electronics; however, these phase shifts were also not significantly affected by varying the PMT control voltages. The control voltage can be varied between 0 and 1:18 V. Using control voltage greater than 1:0 V has disadvantages because noise also gets amplified, which will affect the SNR of the optrode system.
Electron transit time of photodetectors is a frequent source of phase noise, and the transit time is on the order of nanoseconds [10] . We assume that, for modulation frequencies in the kilohertz range, it does not affect the inherent system phase shifts. We also believe that inherent system phase shifts are not due to any nonlinear effects, such as self-phase modulation, because of the incoherence and lower intensity of LED radiation compared to that of a laser. This calibration has to be performed only once for the system with a fluorescence-emission-wavelengthmatched LED to characterize the system. The optrode system can now be reliably used without the Fig. 2 . Circuit diagram of LED driver. The circuit is divided into three stages-buffer stage, summing amplifier, and VCCS. In the buffer stage, the inputs from both the SRS 830 and the DC source are buffered using unity gain followers (AD 713). The output from the two buffers is fed into the input of a summing amplifier (AD 8599) with gain of unity. The output from the summing amplifier is input to two independent VCCS. Each VCCS (AD 8599) unit is capable of driving one LED. The amount of current flowing through the LED is the ratio of the input voltage and the current-limiting resistor at the source of BS 170. The LED state (ON or OFF) can be controlled by applying voltage input to the BS 250. concurrent reference LED, where the inherent system phase shift at the modulation frequency is known, and subtracted from the measured phase shifts from the PtTFPP-immobilized oxygen optrode.
B. Optimum Modulation Frequency for PtTFPP Fluorescence
The PtTFPP immobilized optrode was immersed in 0% and 21% oxygen (at STP) DI water, and the modulation frequency was varied from 1-70 kHz with 2 kHz intervals. PtTFPP fluorescence intensity and phase shifts were measured for 45 s at each modulation frequency interval and averaged.
Our data show (Fig. 4) that phase shift and fluorescence intensity were always higher in 0% oxygen than in 21% oxygen DI water. This is because oxygen is a quencher of PtTFPP molecules and affects the fluorescence lifetime and intensity proportionally. The data in Fig. 4(a) also show the variation of difference of phase shift in 0% and 21% oxygen DI water. The difference increases initially, reaches a maximum, and then decreases as the modulation frequency is increased. This is important because the sensitivity of the oxygen optrode is directly proportional to the difference of the phase shifts in 0% and 21% oxygen. The maximum difference of these phase shifts is at 5 kHz, which correlates with the lifetime of the dye. From Fig. 4(b) we see that, in the 1-20 kHz modulation frequency range, the fluorescence intensity is also higher than that measured at faster modulation frequencies. Therefore, the Fig. 3 . Inherent system phase-shift characterization of the oxygen optrode system. The system phase noise has to be calibrated with approximately the same wavelength of light at which the emission of the fluorophore is being detected. In this system, PtTFPP emission at ∼640 nm is being used for measurement of fluorescence intensity and phase shift. A red (637-640 nm) LED is aligned with the blank optrode fiber, and red intensity and phase shifts are measured by the SRS 830. Varying PMT control voltages did not have any significant effects on phase shifts. Also, varying input sinusoidal (1-5 V) signals did not have any significant effect on phase shifts. Red intensity was proportional to the input voltage; the higher the input voltage, the brighter the LED and the more photoelectric current generated by the PMT. The optical phase shift is linear with modulation frequency: Φ OPT ¼ 0:5302 × frequencyðkHzÞ þ 0:459. Figure 4(c) shows the tangent of measured phase shift in both the 21% and the 0% oxygen environments. "U" denotes the unadjusted measurements without compensation of the inherent system phase shift, and "A" denotes the adjusted measurements with compensation of the inherent system phase shift. The inset in (c) shows the linear range of the tangent of phase shift. From (a) it was observed that the maximum difference occurs at less than 10 kHz. From the data, the modulation frequency was fixed at 5 kHz. The fluorescence intensity distribution reduces as modulation frequency is increased. The following parameters were used for the measurements: PMT control voltage ¼ 0:8 V, input sinusoidal signal ¼ 3 V, and DC offset ¼ 4:25 V. modulation frequency of 5 kHz was fixed for PtTFPP fluorescence measurements.
To better illustrate this trend, we also analyzed the relationship between the tangent of measured phase shift versus the modulation frequency [ Fig. 4(c) ] and found this to be linear when the modulation frequency was less than 20 kHz. Modulation frequencies beyond 20 kHz are too fast to measure the fluorescence lifetime of PtTFPP. After subtraction of the inherent system phase shift, the tangent of the adjusted phase angle is also linear.
C. Light-Emitting Diode Driver Input Voltage from SRS 830
The PtTFPP-immobilized optrode was immersed in 21% oxygen DI water and fluorescence intensity and phase shift were measured. The sinusoidal voltage signal was varied from 0.5 to 5:0 V in 0:5 V increments with the DC offset increased accordingly to prevent the operation of the blue excitation LED at negative voltages. The fluorescence intensity increased (Fig. 5) as the input sinusoidal voltage signal was increased from 0.5 to 5:0 V. The increment in fluorescence intensity was larger in the 0.5 to 2:0 V range as compared to the increment in the 2:0 V to 5:0 V range. Phase shift does not change significantly, as this is not a function of fluorescence intensity. This is expected, because the phase shift carries information about the fluorescence lifetime of PtTFPP, which only changes with respect to oxygen concentrations. Since the oxygen concentration in DI water is in equilibrium with the environment and constant, the measured phase shift is also similar at all input voltages. The PtTFPP optrode can be operated at the maximum of 5:0 V but, to reduce any photobleaching effects, it is desirable to operate at a lower voltage than the maximum to preserve the functional lifetime of the sensor. Based on this analysis, the operating voltage for the optrode was set at 5 V for the oxygen optrode system.
D. Optimum Fiber Coupler Configuration for Optrode System
Another advantage of operating the optrode without a concurrent reference LED is the fact that we can now adopt the use of a 2 × 1 fiber coupler. In order to optimize the system and quantify the associated performance increase, we tested various 2 × 2 and 2 × 1 fiber coupler configurations with different splitting ratios for the optrode system. The PtTFPP-immobilized optrode tip was immersed in 21 % oxygen DI water and fluorescence intensity was measured for 45 s with varying PMT control voltage from 0.0 to 1:0 V in 0:05 V increments.
The data in Fig. 6 show that fluorescence emission intensity was measurable beyond a certain threshold control voltage for all the fiber coupler configurations. Below the threshold control voltage, the fluorescence signal is not amplified enough to be measured by the PMT. At a lower fluorescence intensity, phase shift and fluorescence lifetime are not measurable, as well. This illustrates the importance of optimizing fluorescence intensity when measuring fluorescence lifetime. Fluorescence intensity also increased as the control voltage was increased for all Fluorescence intensity and phase angle at each input voltage was measured for 45 s and averaged. The magnitude of input voltage has a noticeable effect on fluorescence intensity but does not affect the phase angle measurements. Fluorescence intensity increases rapidly between 0.5 and 2 V, as compared to between 2 and 5 V. The goal is to achieve the highest possible fluorescence signal that will impact the SNR for the phase measurements. An input voltage of 3 V was chosen as the operating point. Fig. 6 . Optimal fiber coupler configuration and splitting ratio for the oxygen optrode system. The oxygen optrode was dipped in 21% deionized water. The fluorescence intensity was measured under varying control voltage from 0-1 V with 0:05 V steps for 45 s and the data were averaged. It can be seen that the fluorescence intensity is not detectable beyond a certain threshold control voltage. The fluorescence increases as the control voltage is increased beyond the threshold voltage. The splitting ratios are given in brackets, and the letter with the splitting ratio specifies the location of the splitting arm (L ¼ Blue LED, P ¼ PMT). 1 × 2 (30 L=70 P) is the best fiber configuration for the oxygen optrode system. It provides minimum trade-off radiation loss at splitting junctions and maximum fluorescence signal at the PMT. fiber coupler configurations. This is expected, because higher control voltages increase the gain of the PMT, which, in turn, increases the quantum efficiency (number of electrons generated per photon).
Higher fluorescence intensities were measured using the 1 × 2 (50=50) fiber coupler than were measured with the 2 × 2 (50=50) coupler because the latter does not split the input excitation light. The PtTFPP molecules at the optrode tip receive more excitation energy and emit more energy, which translates into an increase in the measured fluorescence intensity. We found that the fluorescence intensity measured with the 1 × 2 (30 L=70 P) fiber coupler was highest among all the other fiber coupler configurations. The fluorescence intensity trends also exhibit dependency on the placement of the input excitation arm. We measured higher fluorescence intensity if the 30% splitting arm of the coupler is interfaced with the excitation blue LED, compared to if the 30% splitting arm is interfaced with the PMT.
The 1 × 2 (30 L=70 P) coupler configuration has the best trade-off between splitting of the input excitation and emission detected by the PMT. The data in Fig. 6 show that, when the PMT control voltage is at 0:8 V, the 1 × 2 (50=50) coupler increased the measured fluorescence intensity by 24% compared to that of the 2 × 2 (50=50) coupler and the 1 × 2 (30 L=70 P) increased the fluorescence intensity by 47%.
E. Oxygen Optrode Calibration
The PtTFPP-immobilized optrode was calibrated in eight different oxygen concentrations in DI water. The optrode tip was immersed in DI water and phase shift was measured at each concentration for 45 s and averaged.
The oxygen optrode was calibrated in both homodyne (without concurrent reference LED) and heterodyne (simultaneously operating reference LED) configurations. For the homodyne system, the 2 × 1 (30 L=70 P) coupler was used. The inherent system phase shift was subtracted from the measured phase shift. The fluorescence lifetime at each oxygen concentration was calculated from the phase-shift measurement using Eq. (1):
where τ ¼ fluorescence lifetime, θ ¼ measured phase shift, ϕ ¼ inherent system phase shift at 5 kHz, and f mod ¼ modulation frequency. For the heterodyne system, the 2 × 2 (50=50) fiber coupler was used and a red reference LED was connected to the LED driver. The voltage signal from the modulated red LED was fed into the SRS 830 as the reference signal. Fluorescence lifetime was calculated from Eq. (2):
Oxygen concentration was calculated from percent oxygen using Eq. (3):
where p atm is the actual atmospheric pressure, p W ðTÞ is the vapor pressure of water at temperature in Kelvin, p N is standard pressure (1013 mbars), Q is the ratio of oxygen in the gas mixture, αðTÞ is the Bunsen absorption coefficient at temperature in Kelvin, MðO 2 Þ is the molecular mass of oxygen (32 g=mol), and V M is the molar volume (22:414 L=mol). All temperature-dependent parameters were calculated at T ¼ 25°C or 298 K. p W ðTÞ was computed using mathematical methods in [11] . αðTÞ was computed using a mathematical relation reported elsewhere [11, 12] . The data in Fig. 7 show oxygen optrode calibrations, when configured using either a homodyne or heterodyne detection scheme. While the calibration plots are nonlinear for both techniques and follow similar nonlinear trends, there is a significant difference in the quality of the measurements. This is illustrated by comparing the standard deviations of fluorescence lifetime measurements for each oxygen concentration. This shows us that the signal variability associated with the heterodyne technique is higher than that measured using the homodyne technique. Fluorescence intensity is also higher and the SNR is also lower when comparing the homodyne to the heterodyne technique. This data demonstrates that, by eliminating the concurrent reference LED, Fig. 7 . Oxygen optrode calibration. Different ratios of oxygen and nitrogen gas were bubbled into deionized water for 20 min. The oxygen optrode was dipped in the deionized water. Fluorescence lifetime (mean AE standard diviation) and fluorescence intensity (inset) were measured for 45 s and averaged. In the homodyne detection technique, the standard deviations of measured fluorescence lifetimes were lower than that of the heterodyne technique. Fluorescence intensity measured at 0% and 21% oxygen were higher in the homodyne detection technique and the SNR was higher compared to the heterodyne detection technique. Parameters: PMT control voltage ¼ 0:8 V, input sinusoidal signal ¼ 3 V, and modulation frequency ¼ 5 kHz. the optimized coupling optics allowed us to significantly improve the overall system performance.
In a low oxygen environment, the oxygen optrode is more sensitive than conventional polarographic oxygen sensors, which are linear in calibration. This characteristic of the oxygen optrode makes it an important tool to study biophysical transport in biological systems where oxygen concentration or oxygen gradients can be very small, which is very important when utilized as a biophysical oxygen flux sensor [8, 13] .
F. Stern-Volmer Relationship for the Oxygen Optrode
The Stern-Volmer relationship for the oxygen optrode was determined from the PtTFPP fluorescence lifetimes calculated using Eq. (1). From Fig. 8 it was observed that the Stern-Volmer plot for the oxygen optrode is nonlinear, which is consistent with the calibration plot in Fig. 7 . The Stern-Volmer data for the oxygen optrode was fitted by the nonlinear gas solubility model. Using Henry's law and Langmuir isotherms [14] , Eq. (4) was derived and fitted to the data in Fig. 8 :
where A, B, and C are constants determined from the data points in Fig. 8 . These constants carry information about the Henry's law parameter, Langmuir adsorption capacity, and the affinity gas constant for Langmuir sites. Different mathematical relationships for fitting fluorescence intensity and lifetime data have been explored [15] [16] [17] [18] . The two-site and multisite models are the most commonly used mathematical models, with the assumption that the fluorophore molecules at different sites are described by a linear SternVolmer relationship. The assumption that the fluorophore distribution is a two-site model does not completely describe the fluorophore quencher interaction, so multisite models are frequently used for approximation, which increases computation cost and time. In comparison, the nonlinear gas solubility model can be fitted to the experimental data with lower complexity and computational cost and time.
G. Oxygen Optrode Response Time
Nitrogen and compressed air were alternately bubbled into a 25 mm Petri dish filled with DI water. The PtTFPP-immobilized optrode tip was immersed in the DI water and phase shifts were measured. Figure 9 shows the raw phase-shift data in DI water with output alternating between 0% and 21% oxygen. The average oxygen optrode response time was 2:46 s with a standard deviation of 0:112 s. The response times from 0% to 21% oxygen and vice versa were not significantly different.
Conclusions
In the work presented in this paper, we report the design, development, and implementation of a FDFL optrode system with an oxygen optrode as a model. The heterodyne detection technique is commonly used to measure fluorescence intensity and fluorescence lifetime of fluorophores. In the heterodyne optrode system, a reference LED (wavelength matched to the emission of the fluorophore) is operated simultaneously with the excitation LED. The signal from the reference LED is used as a reference signal to measure phase shift from the fluorescence emission signal. Fig. 8 . Stern-Volmer relationship of the oxygen optrode. Because of the nonlinear nature of the calibration curve, the Stern-Volmer relationship for the oxygen optrode is also nonlinear. The threeparameter nonlinear oxygen solubility model fits the data very well. The three data points must be chosen in a way that they include the entire range. The best approach is to choose the two end points and one point in the middle. The interpolating data points will be unequally spaced, which greatly reduces interpolation errors. The values for the fitting parameter at STP for the oxygen optrode: A ¼ 0:43E − 2 liters ðμmolÞ −1 , B ¼ 0:014 liter ðμmolÞ −1 , and C ¼ 0:018 liter ðμmolÞ −1 . Fig. 9 . Oxygen optrode response time measurement. The optrode was dipped in a 25 mm petri dish containing deionized water. Nitrogen and compressed air were bubbled into the petri dish at different times. Nitrogen deoxygenated the deionized water while compressed air oxygenated the deionized water. The optode measurements were also alternated and phase angle measurements were recorded. Parameters: input sinusoidal voltage ¼ 3 V, PMT control voltage ¼ 0:8 V, and modulation frequency ¼ 5 kHz.
We designed and developed the FDFL optrode system using the homodyne detection technique. The reference signal for measuring phase shifts and fluorescence lifetimes was the excitation signal from the SRS 830 lock-in amplifier. The inherent system phase shifts due to the optics and electronics was quantified over the full range of modulation frequencies, and subtracted from the measured phase shifts to determine the fluorescence lifetime of PtTFPP. By elimination of the simultaneously operating reference LED, the coupling optics were optimized. Optimum system operating parameters were determined for best performance. The oxygen optrode was then calibrated with both homodyne and heterodyne detection techniques. Eliminating the reference LED yielded higher fluorescence intensities and higher SNR, as quantified by comparing the standard deviation of the measured fluorescence lifetimes. This key advancement will also enable us to adapt and use fluorophores with lower quantum yields, as well as to miniaturize FDFL optrodes with much of smaller fiber diameters for higher spatial resolution.
This FDFL optrode system can be adapted for spectroscopy with other fluorophores, as well. Depending on the excitation and emission characteristics of the fluorophore, certain optical components will need to be replaced, such as light filters. The inherent system phase shift will need to be determined once an emission LED wavelength is matched to the emission of the fluorophore. Similar experimental procedures outlined in this paper will help optimize the performance of fluorescence-lifetime-based fiberoptic sensors.
